This study was conducted to investigate the sensory characteristics and temporal migration of hydroxyl-sanshool compounds at slight and moderate concentrations after dissolution in ethanolwater, saccharose, NaCl, and MSG via 2-AFC, time intensity (TI) and temporal dominance of sensations (TDS) methods. The pungency detection threshold (DT) was suppressed in saccharose while NaCl and MSG solutions showed no effect on pungency DT. The area under the curve (AUC) of pungency increased in NaCl and MSG solutions and decreased significantly in saccharose solution. I max (maximal intensity) also increased in NaCl and MSG at low concentrations of hydroxyl-sanshool compounds. The temporally dominant sensations and migration of said sensations across the oral cavity differed among different carriers. Low levels of pungency compounds were characterized by tingling first in the tongue tip and ending in the lips, while moderate levels of the compound produced tingling, astringency, vibrating, and numbing from the tongue tip to the bilateral sides of the tongue, lips, palate, cheek mucosa, and surface of the tongue over time. There were significant differences in the maximum rate, peak time, and duration of any dominant sensation, as well as in the duration of sensation in the lips, tongue tip, and bilateral sides of the tongue. This study provides a dynamic profile of consuming pungent food, which provides a reference not only for the design of new food products with desirable pungency, but also as a scientific basis for the application of pungent compounds within the food and catering industry.
Introduction
The pungent flavor of Sichuan pepper (Z. bungeanum) is a trigeminal sensation. Previous literature has confirmed that unsaturated amide compounds such as α-sanshools, hydroxyl α-sanshool, hydroxyl β-sanshool, and hydroxyl γ-sanshool extracted and purified from Sichuan pepper are the main contributors to its pungency (Mcdonald et al. 2016) . These pungency compounds are usually blended with capsicum to produce a flavor called má là, which is characteristic of Sichuan cuisine, where má refers to the pungency of the sanshool-related compounds and the là refers to the heat of the capsaicinoid. Hydroxyl-sanshool compounds in particular have a longstanding and widespread use in the food, beverage, and catering industries in this region. (For instance, in má là hot pot and Mapo beancurd.) Comprehensive understanding of the human perception of these pungent compounds within complex food matrices and their time-related characteristics during consumption benefits not only for the design of new food products with desirable pungency, but also as a scientific basis for the application of pungent compounds within the food and catering industry.
To date, the research on pungency has centered around 3 main aspects: 1) The extraction and separation of pungency compounds from Sichuan pepper (Ichiro et al. 1982; Kashiwada et al. 1997; Xiong et al. 1997) , including instrumental quantitative analysis methods (Fu 2004) ; 2) the biological mechanism underlying its pungency (Bautista et al. 2008; Basbaum et al. 2009; Riera et al. 2009; Gerhold and Bautista 2009) ; and 3) the evaluation of the sensory perception of pungency in sanshool-related compounds and Sichuan pepper (Sugai et al. 2005; Jin et al. 2016; Zhang et al. 2016) . Instead of focusing on any instrumental quantitation or biological mechanisms in pungent substances, studies related to the third aspect typically determine detection thresholds, intensities, and pungency per individual sensory perceptions. Sugai (2005) examined the DT and pungency characteristics of hydroxyl α-, β-sanshools, and α-, β-, and γ-sanshools in an ethanol aqueous solution via 3-AFC method, and found that hydroxyl sanshools were up to 5 times more potent than corresponding sanshools; the taste sensations of hydroxyl α-, β-sanshools were tingling, numbing, astringent, and bitter with duration under 600 s. Zhang et al. (2016) reported the DT and JND of a mixture of hydroxyl α-and β-sanshools to establish a reference for the application of pungency compounds. Jin et al. (2016) determined the pungency threshold of old and new Sichuan peppers dissolved in ethanol aqueous solution via half-tongue test, and found that new pepper had significantly more intense pungency. Hagura et al. (2013) concluded that Sichuan pepper was known for the tingling sensation with a frequency at around 50 Hz which induced in the tongue and lips. Kostyra et al. (2010) studied the interactions in pungency evoked by capsaicin and leading flavor attributes in a model food matrix via TDS; they found that the temporal migration of pungency begins in the throat and moves to the tongue edges and tip, then to the mucosa around the lips. Rentmeister and Green (1997) concluded that it is changed for the determined DT of capsaicin in different area of the oral cavity: the DT for the throat (0.098 ppm) is lower than the threshold for the roof of the mouth (0.180 ppm) and the front and the back parts of the tongue (0.299 ppm).
The literature contains useful information in regards to the perception of pungency, but previous studies were limited by 1) the detected values and dynamic characteristics were only applicable to ethanol-water media at room temperature, though real perception is accompanied by different kinds of tastes and flavors in the food matrix; 2) the descriptors for pungency, temporal characteristics, and migration in the oral cavity acquired neither through qualified panelists nor any recognized method (e.g., TDS); and 3) the human perception system perceives sensory properties of the quality, intensity, and dynamic pattern of stimuli in food (Kawasaki et al. 2016) , but previous studies mainly focused on quality and intensity while neglecting dynamic patterns. Temporal changes in odor and flavor throughout the process of consumption are an integral part of the way humans perceive the sensory characteristics of food, and thus merit further research.
The time intensity (TI) method was first applied to sensory research by Powers and Pangborn (1978) to monitor the intensity and the duration of sweetness, bitterness, and sourness in different solutions. The lingering perceptions induced by sweeteners, bitter compounds and trigeminal compounds such as menthol have been widely investigated using this technique (Piggott 2000; Labbe et al. 2009 ). Perceptual interactions have also been highlighted between 1) olfactory perception and taste by dual-attribute TI in chewing gum (Duizer et al. 1997) and by conventional TI in flavored sucrose solution (Cliff and Noble 1990) , 2) olfactory perception and texture by conventional TI in whey protein gels (Weel et al. 2002) , and 3) between hot trigeminal perception from capsaicin, flavor, and texture in pork patties (Reinbach et al. 2007 ). The main constraint of TI is that the evaluation is limited to 1 or 2 sensory attributes at a time. The multidimensionality of the perceptual space over time is therefore not considered (Labbe et al. 2009 ).
Previous studies have confirmed that menthol's physiological cooling effect offered clear evidence that chemicals can produce more than 1 somesthetic quality (Green 1991) . Sugai et al. (2005) also reported that the predominantly perceived sensations of sanshool-related compounds are tingling, numbing, astringent, and bitter. Thus it is excessively time-consuming to study all these sensations via TI, but the temporal dominance of sensation (TDS) can be used to evaluate the dominant sensory attributes of a product as well as the way that the sensations change after a certain period of time (such as while chewing) (Monaco et al. 2014) . The TDS method is often used to evaluate alcoholic and non-alcoholic beverages as well as various types of food per descriptors mainly related to taste, texture, flavor, and trigenminal sensation (Meillon et al. 2009 ). Le Reverend et al (2008) compared TI and TDS evaluation results to find that TI is better applicable to representing the changes in a specific sensory attribute's intensity over time, while TDS is useful in evaluating the dominant sensory attribute from an array of attributes over time.
In this study, we focused on the characteristics and temporal migration of pungency in coexistence with sweetness, saltiness, and umami tastes. We used hydroxyl-sanshool compounds, saccharose, NaCl, and MSG as representative of pungent, sweet, salty, and umami taste, respectively. The objective of this study is to investigate the DTs, perceptual characteristics, and temporal migration of hydroxyl-sanshool compounds dissolved in ethanol-water, saccharose, NaCl, and MSG using 2-AFC, TI and TDS methods. In particular,
• The influence of taste stimuli on the sensory threshold of pungency; • The time-related intensity and temporal sensations of hydroxylsanshool dissolved in ethanol-water, saccharose, NaCl, and MSG solutions; and • The migration of pungency sensations in the oral cavity when the pungency compound was dissolved at light and moderate levels in different carriers.
Materials and methods

Materials
Four stimuli were used in this study: hydoxyl-sanchool, containing hydroxyl α-sanshool (63.6%), hydroxyl β-sanshool (22.8%), and hydroxyl γ-sanshool (7.4%) (extracted and purified from Sichuan pepper by high-performance liquid chromatography); saccharose (food grade, Beijing second business group co., Ltd.), NaCl (food grade, China National Salt Industry Corporation); and MSG (food grade, Henan Lianhua Gourmet Power Co., Ltd.).
Stimuli
Hydroxyl-sanshool (0.1000 g) was dissolved in 10 ml ethyl alcohol and filled to 100 ml volume with spring water to obtain 10 mg/ml stock solution of the pungency compound. The taste stimuli used were aqueous solutions of saccharose (30 g/l), NaCl (2.6 g/l), and MSG (0.5 g/l).
The test stimuli used for recognition thresholds were 8 concentrations (1.15-fold increments) of sanshool-related compound ranging from 2.30E-02 to 6.11E-02 mg pungency compound per 1 ml which were diluted with spring water, saccharose (30 g/l), NaCl (2.6 g/l), or MSG (0.5 g/l). The control solutions were spring water, saccharose (30 g/l), NaCl (2.6 g/l), and MSG (0.5 g/l), respectively. The test stimuli used for temporal evaluation were 0.075 and 0.165 mg hydroxyl-sanshool compound per 1 ml spring water, saccharose (30 g/l), NaCl (2.6 g/l), or MSG (0.5 g/L).
All taste stimuli were used directly after preparation, served at room temperature. Spring water and salt-free crackers were available for mouth rinsing.
Sensory panels
All panelists were confirmed to show no pungency addiction or exclusion feelings and have normal taste sensitivity and meet the requirement of ISO 8586 (2012) . Twenty panelists (6 males; 14 females) aged from 20 to 26 years participated in the DT evaluation, with 10 among them who had extensive experience in descriptive analysis providing further evaluation of the temporal characteristics of pungency. The experimental protocol was approved by the China national institutes of standardization (CNIS) for Research with Human Subjects, and all participants in the study were provided written informed consent and were paid for their participation.
Methods
DT determination
Panelist training
The panelists were first trained in two 60-min periods to familiarize them with the characteristics of the pungency compound at low concentration and with the 2-AFC method, respectively. They were asked to give a response regarding the more pungent sample between 3 randomized pairs of target (6.11E-02 mg pungent extract per 1 ml ethanol-water solution, extremely low intensity but with the tingling sensation) and blank (6.11E-01 ml EtOH per 1 ml water solution) trials under the instructions of the sensory analyst. If all responses were correct, the panelist was asked to take part in the formal evaluation.
Thresholds were determined by 2-AFC methodology with some modifications (Zhang et al. 2016) . The panelists were given one fixed reference solution [3.50E-01 EtOH aqueous solution, saccharose (30 g/l), NaCl (2.6 g/l) and MSG (0.5 g/l), respectively] and the corresponding test solution (2.30-6.11E-02 g hydroxyl-sanshool per 1 ml EtOH aqueous solution, saccharose (30 g/l), NaCl (2.6 g/l), and MSG (0.5 g/l), respectively). The presentation order of all samples was counterbalanced. Each panelist sipped a 20-ml sample, held it in the mouth for 10 s, waited 30 s, then spit out the sample and rinsed his or her palate with spring water; they repeated this process for the second sample, then chose which of the 2 samples was more pungent. The tests were administered in 5-min interstimulus intervals. At the end of the test, the maximum concentration of negative responses and the minimum concentration of 3 consecutive positive responses for each panelist were recorded by the sensory analyst.
Data analysis
The individual optimum estimate threshold (BET) was calculated as the geometric mean of the maximum concentration of negative responses and the minimum concentration of 3 consecutive positive responses. The group BET was calculated as the geometric mean of the individual BET values (ISO 13301 2002) . The parameters obtained for the DT of each sample were evaluated via univariate statistical analysis (ANOVA) and LSD's test in SPSS (Windows) to check for inter-sample differences at the 5% significance level (P ≤ 0.05).
TI evaluation
Panelist training
Before the formal test, 10 panelists were trained for ten 120-min periods on different days based on the Standard Guide for Time-Intensity Evaluation of Sensory Attributes (ASTME 1909-97) requirements. They were trained to rate the pungency intensity using an external reference on a 15-cm unstructured linear scale anchored with light, moderate, strong, and extreme. External references consisted of an ethanol aqueous solution containing hydroxyl-sanshool compound (Table 1) . Panelists were also introduced to the TI method.
After being familiarized with the characteristics and intensity of pungency, the panelists were instructed in the TI evaluation process. They were presented with a paper version with vertical coordinates, where the ordinate is intensity (15-cm linear scale) and the abscissa is time. The time intervals change from 0.3, 0.5, and 1 min to every 3 min to the end of the pungency perception task (20 min). To keep exact time intervals, consecutive measurements were taken on acoustic signal given to each panelist. Panelist performance was assessed by evaluating replicate TI curves for each flavor, and the training was considered sufficient if the curves were aligned at least 40% of the time (Goodstein et al. 2014) .
Formal evaluation
The time-intensity analysis of pungency was also carried out on normative record paper used in training session. Each panelist sipped a 20-ml sample, held it for 10 s in the mouth, and then spit it out. The time was controlled uniformly by a sensory analyst. The panelists traced a point according to the intensity of perception and were instructed to move back to the bottom of the scale when they no longer perceived any pungency.
Panelists were allotted 20 min to analyze each sample with a 20-min rest between samples. Unsalted saltine crackers and spring water were provided for palate cleaning between samples. The samples were presented in random order and each sample was replicated 3 times.
Data analysis
The TI parameters T tot , T max , I max , and AUC were statistic inputs acquired in Origin 8.0 software. ANOVA was run in SPSS to check the significance of differences in T tot , T max , I max , and AUC of control, sweetness + P, saltiness + P, and umami + P solutions.
Temporal dominance of sensations
Panelist training
Two preliminary sessions were conducted. In the first, panelists were introduced to the concepts of temporality and dominance of sensations while tasting all concentrations of pungent extracts in ethanol-water, saccharose, NaCl, and MSG solutions. After tasting each (Table 2 ). In the second session, the panelists participated in a simulated TDS session with these samples to become familiar with the TDS procedure and methodology. All of the descriptors were presented simultaneously on a sheet of paper. Once started, he or she selected the attribute considered to be dominant and recorded its onset time. When the dominant sensation changed, the panelist scored the new dominant sensation. The panelist was free to choose the same attribute several times or conversely to never select an attribute as dominant. A dominant attribute was defined as the sensation that caught the panelist's attention, even if it was not the most intense. Panelist performance was considered acceptable after four 120 min training periods, based on our experience.
Formal evaluation
All the descriptors were presented simultaneously on a sheet of normative record paper. The panelists were asked to follow a strict tasting protocol under which they sipped 10 ml of the sample, held it for 10 s, and spit it out. They were free, again, to choose the same attribute for the same sample as "dominant" as often as they deemed necessary. The evaluation ended when the panelists no longer perceived sensation. Panelists were asked to record the dominant sensation with its onset time.
Samples were coded using 3-digit random numbers. Each sample was replicated 3 times and 4 samples were evaluated in each session. Panelists were also required to rinse their month with spring water and wait until their primary sensation disappeared before tasting the next sample.
Data analysis
The attribute perceived as dominant at each point in the evaluation was recorded for each panelist. The dominance rate was calculated as the proportion of citations of an attribute (across replicates) at each time point multiplied by the number of panelists and replications. The chance level (P 0 ) was the dominance rate at which an attribute was assigned by chance when all evaluated attributes were considered and the significance level (P s ) was the minimum value of the dominance rate required for a given attribute to be significantly higher than P 0 . Attributes with dominance rates higher than P s were considered significantly dominant. P 0 and P s were calculated using the confidence interval of a binomial distribution based on a normal approximation (Kawasaki et al. 2016) :
where P s is the lowest significant proportion value (a = 0.05) at any time point in the TDS curve; P 0 is 1/P, where P is the number of attributes; and n is the number of panelists per replication.
The dominant rate was the percentage of selections of an attribute as dominant at a particular time point. TDS curves were acquired in Origin 8.0 software and TDS were generated for each attribute. To further assess the data, we extracted the mean duration for all panelists.
Temporal migration in the oral cavity
The procedure and methodology deployed during this part of the experiment were similar to those used in TDS acquisition. Four 120-min training periods were first required, after which the panelists tasted all concentrations of pungent extracts in ethanol-water, saccharose, NaCl, and MSG solutions and discussed the main response area in the oral cavity. The panelists reached consensus on the following areas: Tongue tip, lingual surface, bilateral sides of the tongue, palate, lips, and cheek mucosa.
In the formal section, all the critical response areas were presented simultaneously on a sheet of normative record paper. The panelists followed the same sip-spit protocol described above, then selected the instant response area and recorded its onset and finish time. The panelists scored each new change in response area in the oral cavity and its corresponding onset time and finish time, as well. Each sample was replicated 3 times and 4 samples were evaluated in each session.
Data analysis
The mean duration for all panelists, defined as the difference value of mean onset time and finish time for a selected response area, was acquired in Microsoft Excel 2007. ANOVA was run in SPSS software to check the significance of differences in duration time among the control, sweetness + P, saltiness + P, and umami + P solutions.
Results
Recognition threshold
The personal DT was calculated by BET method according to ISO 13301 requirements; the panel DT was taken as the geometric mean of personal BET. The personal threshold was determined based on the maximum concentration of negative responses and the minimum concentration among 3 consecutive positive responses using the BET method. The panel's mean DT on 4 sample pairs was 0.0362, 0.0463, 0.035, and 0.0355 mg/ml for hydroxyl-sanshool extract in ethanolwater, saccharose, NaCl, and MSG solutions, respectively. Figure 1 shows that there was a significant difference in saccharose and control solutions. Conversely, NaCl and MSG solutions showed almost no statistically significant effect on the sensory perception of pungency.
TI results
The changes of pungency intensity along with time in various carriers at 2 levels (low, moderate) of hydroxyl-sanshool compounds are shown in Figure 2 . Temporal intensity was not only affected by the concentration of sanshool-related compounds but also depended on the type of taste carrier. At slight pungency intensity, the maximal intensity (I max ) of pungency increased in NaCl and MSG solutions while the I max of pungency in saccharose solution was similar to the control. The AUC decreased in saccharose solution and increased in NaCl and MSG solutions compared to the ethanol-water solution. The total time of pungency perception (T tot ) and time to reach maximum intensity of pungency (T max ) did not change among different 
TDS results
Different temporal sensations were dependent on the concentration of hydroxyl-sanshool compounds. Figure 3 shows that the dominant sensations at low concentration of hydroxyl-sanshool compounds dissolved in alcohol-water solution was tingling and astringency; Meanwhile, the panelists experienced tingling, pricking, astringency, burning, numbing, and vibrating at moderate concentration. We extracted the significant dominance sensation by calculating P s and P 0 for further analysis. Attributes with dominance rates higher than P s were considered significantly dominant. The dominant sensation of low and moderate concentration of hydroxyl-sanshool compounds differed among different taste carriers. We found that the maximum dominance of low and moderate concentration of hydroxyl-sanshool compounds dissolved in alcohol-water solution were tingling and tingling/astringency/vibrating/numbing; the significant dominance rate was 0.83, 0.60, 0.71, 0.55, and 0.73 min, the maximum times were 1.1, 1.0, 1.7, 2.1, and 3.3 min, and their durations were 2.1, 0.8, 1.1, 0.7, and 3.3, respectively.
The maximum dominant rate, corresponding maximum time, and duration in sweet, salty, and umami taste carriers were also acquired with the same method. Figure 4 and Table 3 show that the maximum time was delayed in the taste carriers. The maximum dominant rate of tingling and duration of tingling and numbing in low and moderate concentration of pungency compounds dissolved in sweet carriers was especially significantly decreased compared to the control, while this tendency was less obvious in salty, and umami taste carriers (with the exception of tingling in umami taste and numbing in salty taste carrier). Besides, the maximum time of tingling, astringency, vibrating, and numbing was consistently delayed compared to control. For instance, the numbing sensation in control solution was 3.3 min but delayed to 4.0 and 4.2 min in salty and umami taste carriers, and the tingling sensation at low concentration in control solution was 1.1 min but delayed to 2.4, 1.9, and 1.5 min in sweet, salty and umami taste carriers.
Analysis of temporal migration in the oral cavity
The temporal migration of pungency in the oral cavity was individually observed and recorded on the answer sheet over the entire perception task. Individual recordings were analyzed and averaged to determine migrating changes of pungency sensations. Figure 5 showed that the similar responding area and holding time in control, sweet, salty, and umami solutions were similar at low concentration. The sequence of sensation began at the tongue tip and moved to the lips. The tongue tip first registered the pungency stimuli at 2.3, 1.8, 2.3, and 2.1 min, and then the lips registered it at 2.0, 1.6, 2.5, and 2.4 min. The holding time of pungency in the tongue tip was suppressed in the sweet solution compared to the control. Figure 6 demonstrated that moderate pungency solutions also showed a similar tendency starting with the tongue tip, then moving to the bilateral sides of tongue, lips, palate, cheek mucosa, and surface of the tongue. In comparison with the control, the holding time of the cheek mucosa and lips in the sweet solution decreased whereas the holding time of the bilateral sides of the tongue, lips, and tongue tip increased in salty and umami solutions.
Discussion
The primary objective of this study was to evaluate time-related perception characteristics of pungency compounds accompanied by sweet, salty, and umami flavors via temporal sensory methods. These 3 flavors were carefully selected for a few reasons. First, that they are historically and cross-culturally considered to be pleasant flavors characteristic of good foods-bitter or sour foods are more associated with poisonous or spoiled foods. Second, we collected and analyzed menus for a few popular cuisines and found that sweetness, saltiness, and umami are frequently paired with pungency. We also believe that due to the popularity and ubiquity of these flavors, that researching them specifically in tandem with pungency provides useful information for the development of food products with desired pungency intensity and flavor.
The taste intensity of sweetness, saltiness, and umami exerted different effects on the perception of pungency. The concentrations of NaCl and MSG at 2.6 and 0.5 g/l had no effect on the DT while saccharose (30 g/l) suppressed the perception of pungency significantly (Table 3) . As a matter of experience, the NaCl, MSG, and pungent compounds frequently used together in Sichuan cuisine are more intense than those we tested in this study. We assumed that saltiness and umami as the dominant sensation would enhance the perception of pungency while saltiness or umami at a low intensity would exhibit no effect. Interestingly, blending the pungency compound with sweetness prohibited the pungency perception reduced its perceived intensity. It provides an evidence for us to clarify the reason we used 5% saccharose solution as a cleaner in pungency evaluation (Sugai et al. 2005) .
Recent reports (Caterina et al. 1997; Sugai et al. 2005 ) indicate that certain pungent principles such as capsaicin, gingerol, piperine, and sanshool activate the transient receptor potential vanilloid type 1 (TRPV1) which is a non-selective cation channel distributed in the trigeminal neurons of the oral cavity. Therefore, the perceived process of capsaicin and sanshool were similar to some extent. Lawless and Stevens (Lawless and Stevens 1988) compared taste intensities of 4 stimuli after rinses with capsaicin and after control rinses with emulsifying agents or water and showed that there were significant decrements in taste intensity of QHCl and citric acid following capsaicin. Green and Schullery (2003) proposed that capsaicin can inhibit or mask some basic tastes, especially bitterness and sourness. When pungent compounds dissolved in saccharose (30 g/l), sweet taste, as pleasant flavor, was firstly perceived in a short time and then pungencyrelated TRPV1 was activated. Or rather, it happened at the same time while pungency may help to boost sweetness by stimulating a subset of gustatory fibers that are sensitive to sweet-tasting substances.
As a kind of trigenminal sensation, pungency is long-lasting and dynamic throughout the oral cavity during consumption. In this study, the TI parameters (I max and T tot ) were strongly dependent on the stimulus intensity (i.e., hydroxyl-sanshool related compound concentration in the test sample). Strong stimulus caused not only more intense but also longer-lasting pungency response (Kostyra et al. 2010) .
In a previous study, Green (1996) suggested that more research attention be given to the perception of chemesthetic sensations in complex stimuli. In contrast to the majority of experimental research on DTs and temporal aspects in ethanol-water environments, we used tastes often found in real cuisine as carriers. Their complexity better mimics that of commonly consumed food, but the profiles are easily controllable. The advantage of using such carriers in learning interrelation between chemesthesis (pungency) flavor and taste is that it yields results that are more directly applicable to the real world, where pungency compounds are often experienced in the context of Sichuan cuisine or other foods. The results of TI revealed that a certain concentration of NaCl and MSG promoted the AUC at different hydroxyl-sanshool compound levels and increased the I max at low levels. Certain concentrations of saccharose solution suppressed the pungency, according to the decreased AUC values we found at slight and moderate levels of hydroxyl-sanshool compounds. These results suggest that certain concentrations of saccharose can be used to minimize pungent tastes in sensory experiments; they also suggest that more hydroxylsanshool compounds must be dissolved in saccharose solution compared to a water environment to produce the same sensation in the consumer. They also suggest that hydroxyl-sanshool compounds used in NaCl and MSG carriers, for instance ma la hot pot, have a statistically more persistent flavor and introduce desirable pungency.
The TDS method was used to measure the proportion of the panelists who perceived a given attribute as dominant. We found that low pungency compound concentrations in the tastes carriers produced tingling sensations, while moderate concentration produced tingling, astringency, vibrating, and numbing. The difference among sweet, salty, and umami carriers mainly originated in the maximum rate, peak time, and duration of the dominant sensation.
At low levels of pungency compounds, the peak time of tingling was delayed farthest in the sweet carrier, followed by the salty carrier, and finally by the umami carrier. The duration and maximum rate were delayed in the sweet solution. At moderate levels of pungency compounds, the duration and maximum rate of tingling and numbing were delayed in the sweet solution but increased in the umami solution. We also found that the peak time of tingling, astringency, vibrating, and numbing in salty and umami solutions were delayed on the whole. TI and TDS results altogether suggest that the slight intensity of sweetness, saltiness, and umami affect the perception duration instead of dominant sensation and intensity (Table 4) .
A specific feature of chemesthetic sensations like pungency is that they not only last much longer than flavor or taste, but also that their specific characteristics change with time (e.g., the migration of pungency in the oral cavity). Kostyra et al. (2010) has confirmed that "burning" evoked by capsaicin starts in the throat and in the back of oral cavity before moving to the front of the palate and tongue, ultimately ending on the mucosa around the lips. Rentmeisterbryant and Green (1997) and Schneider et al. (2014) also reported that human perceived an ascending concentration series of capsaicin at 4 locations: the anterior tongue, the posterior tongue, the roof of the month, and the throat and found that the pungency perception was significantly higher in the throat than at either the front or back of the tongue. Our results suggest that the pungency sensation of sanshool-related compounds markedly differs: It begins in the tongue tip, then the bilateral sides of the tongue, lips, cheek mucosa (palate), and finally the surface of the tongue. In other words, the chili pepper and Sichuan pepper commonly found in Sichuan cuisine yield unique temporal sensations and migration: The temporal migration of pungency (chili pepper) is from back to front of the oral cavity (linear type) while pungency (Sichuan pepper) is centralized in the tip and expands to around the tongue (hub-and-spoke type). The duration of these sensations in the lips, tongue tip, and bilateral side of the tongue also seems to increase when accompanied by salty or umami flavors while it decreases when accompanied by sweet flavors.
Conclusions
This study was conducted to investigate the perceived characteristics and temporal migration of hydroxyl-sanshool compounds at slight and moderate concentrations when dissolved in ethanolwater, saccharose, NaCl, and MSG using 2-AFC, time-intensity (TI), and temporal dominance of sensations (TDS) methods. We found that the pungency DT was suppressed in saccharose while NaCl and MSG solutions showed no effect on pungency DT. The AUC of pungency increased in NaCl and MSG solutions and decreased significantly in the saccharose solution. We also found that I max increased in NaCl and MSG at low concentrations of hydroxyl-sanshool compounds. Regardless of carrier, low levels of pungency compounds were characterized by tingling and the migration sequence started in the tongue tip and ended in the lips. Moderate levels were mainly experienced as tingling, astringent, vibrating, and numbing with migration from the tongue tip, bilateral sides of the tongue, lips, palate, cheek mucosa, and surface of the tongue in accordance with time. The greatest differences among variables were the maximum rate, peak time, and duration of the dominant sensation as well as the duration in the lips, tongue tip, and bilateral sides of the tongue.
This study provides a dynamic profile of the consumption of pungent flavors. It is not only helpful for the design of new food products with desirable pungent characteristics, but also may provide a scientific basis for the application of pungent compounds in different carriers in the food and catering industry.
This study was not without limitations, however. Food matrices are highly complex, so when extrapolating our findings to a complex food system, it is possible that different media, serving temperatures, fat levels, flavors, and textures would significantly modify the perception of pungency of Z. bungeanum affecting the threshold values, interactive effects in the sensory perception of Z. bungeanum pungency will be the focus of our follow-up studies. Figures 5 and 6 : *numbers in left bar graph represent the response sequence according to the onset time, e.g., in control (P), 4.5/6/1/3/2/4.5 means that panelists detected the pungency sensation firstly in the tongue tip, then the bilateral sides of tongue, the lips, the cheeks mucosa and the palate at the same time, and finally the surface of the tongue; numbers with white backgrounds on the bar chart represent the duration of corresponding critical responding areas in the oral cavity, a/b/c means the significant analysis results (P ≤ 0.05) of duration time. Duration time with same letter means that there is no significant difference among different samples whereas duration time with different letter means that it is significantly different among samples).
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